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SUMMARY

Clostridium difficile is a Gram-positive, spore-forming organism
which infects and colonizes the large intestine, produces potent
toxins, triggers inflammation, and causes significant systemic
complications. Treating C. difficile infection (CDI) has always
been difficult, because the disease is both caused and resolved by
antibiotic treatment. For three and a half decades, C. difficile has
presented a treatment challenge to clinicians, and the situation
took a turn for the worse about 10 years ago. An increase in epi-
demic outbreaks related to CDI was first noticed around 2003, and
these outbreaks correlated with a sudden increase in the mortality
rate of this illness. Further studies discovered that these changes in
CDI epidemiology were associated with the rapid emergence of
hypervirulent strains of C. difficile, now collectively referred to as
NAP1/BI/027 strains. The discovery of new epidemic strains of C.
difficile has provided a unique opportunity for retrospective and
prospective studies that have sought to understand how these
strains have essentially replaced more historical strains as a major
cause of CDI. Moreover, detailed studies on the pathogenesis of
NAP1/BI/027 strains are leading to new hypotheses on how this
emerging strain causes severe disease and is more commonly as-
sociated with epidemics. In this review, we provide an overview of
CDI, discuss critical mechanisms of C. difficile virulence, and ex-
plain how differences in virulence-associated factors between his-
torical and newly emerging strains might explain the hyperviru-
lence exhibited by this pathogen during the past decade.

INTRODUCTION

Clostridium difficile was first isolated from infant stool in 1935,
by Hall and O’Toole (1), and was further characterized by

Snyder in 1937 (2). Initially, this organism was classified as Bacil-

lus difficilis. There were no other documented reports of B. difficilis
until 1960, when the renamed organism, Clostridium difficile, was
cultured from the intestinal contents of a Weddell seal (3). Smith
and King first suggested that C. difficile was a human pathogen
when they isolated the organism from wounds, abscesses, blood,
and pleural fluid of patients with a variety of illnesses (4). These
human isolates of C. difficile were found to be virulent, and the
authors noted that injection of the isolates into guinea pigs did not
result in growth of the bacterium, yet the animals succumbed to
the illness. From this observation, the authors suggested that
death could occur from a toxin produced by C. difficile, a concept
widely accepted today.

After the initial report by Smith and King, C. difficile was not
reported as a human pathogen again until 1978, when it was dis-
covered to cause pseudomembranous colitis (PMC). The first as-
sociation between C. difficile and PMC was reported by George et
al., in a study that described the isolation of C. difficile from pa-
tients with the illness or experiencing postoperative diarrhea (5).
The authors also found that isolates of C. difficile produced a toxin
that was detected in patients’ stools. This observation correlated
with an earlier finding indicating that toxin is produced in the
intestinal tract in patients with antibiotic-associated diarrhea, al-
though the source of this toxin had not been established (6, 7).
Other studies soon found that C. difficile causes PMC in hamsters
if the animals are pretreated with clindamycin (8). Collectively,
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studies in the late 1970s and early 1980s identified C. difficile as the
cause of PMC in patients undergoing antibiotic treatment and
suggested that a toxin(s) is involved with this illness.

During initial characterizations of C. difficile’s virulence fac-
tors, two toxins were identified, one of which exhibited entero-
toxic activity (TcdA) and one of which functioned as a cytotoxin
(TcdB) (9, 10). Vaccination against the toxins or administration
of toxin-neutralizing antibodies was found to protect against C.
difficile infection (CDI), demonstrating that TcdA and TcdB are
important to this illness (11, 12).

During the 1990s, C. difficile continued to be a significant cause
of nosocomial illness. Until the late 1990s, CDI was a troublesome
illness that was difficult to manage, but the mortality rate was low.
This changed dramatically when new reports of serious hospital
outbreaks began, around the year 2000. Most of these reports doc-
umented an increase in the mortality rate of CDI and an associa-
tion with a strain of C. difficile rarely found before that time (13–
16). This C. difficile strain has many designations, including North
American pulsovar 1 (NAP1), PCR ribotype 027, and restriction
endonuclease analysis group BI (NAP1/027/BI). NAP1/027/BI
strains have predominated in many hospitals and have changed
perspectives on the severity of CDI. What was once considered to
be a manageable illness is now a more substantial challenge to
clinicians, and this appears to be due to the emergence of NAP1/
027/BI-related strains.

CLINICAL SIGNIFICANCE

C. difficile has been a major cause of hospital-acquired diarrhea for
many years and rivals Staphylococcus aureus as the leading cause of
nosocomial infections in developed countries (17). In 2010, CDI
was the 18th leading cause of death in all individuals over the age
of 65 (18). In addition, there is a severe economic cost to the
inpatient treatment of CDI, as the most recent report in the
United States estimates this figure at $8.2 billion (19). Age (�65
years), exposure to two or more antibiotics, surgical intervention,
and infection with a hypervirulent strain increase the likelihood of
death from CDI (20, 21). Because hospitalized patients are the
most susceptible to CDI, it is not surprising that there is a strong
comorbidity with this illness (22).

The clinical aspects of the disease involve, with increasing se-
verity, diarrhea, pseudomembranous colitis, and toxic megacolon
(23). In a typical disease scenario, antibiotics alter the intestinal
flora, and this provides a niche for C. difficile to colonize the large
intestine (Fig. 1). Although alteration of the normal flora is asso-
ciated with CDI, the mechanism by which this occurs and how this
initiates disease remain unclear. The fact that virtually every class
of antibiotic has been associated with inciting CDI makes it un-
likely that a single nutrient-niche competitor is associated with the
illness. More recent work suggests that the normal flora primes a
Myd88- and Toll-like receptor 5 (TLR5)-dependent innate im-
mune response which protects against CDI (24). When the organ-
isms providing this stimulus are eliminated by antibiotics, im-
mune modulation subsides and C. difficile establishes infection.

Following ingestion, spores survive transit to the colon, and
exposure to bile salts in the small intestine triggers germination
(25). Vegetative C. difficile colonizes the large intestine and re-
leases TcdA and TcdB. A series of inflammatory events occur, with
penetration of macrophages, mast cells, and neutrophils into the
site of infection (26). The epithelial barrier is compromised in this
setting, although bacteremia involving C. difficile is extremely rare
(27). Leukocytosis is common in CDI patients, and white blood
cell (WBC) counts can be as high as 40,000 cells/mm3. WBC
counts above 16,000 cells/mm3 are predictive of severe disease (28,
29). Interestingly, the cause of death in this illness is still not
known; however, severely ill patients exhibit symptoms of sys-
temic complications. Major organs are affected in life-threatening
cases of CDI. Acute respiratory distress syndrome (30, 31), mul-
tiple-organ dysfunction (32), cardiopulmonary arrest (33), and
chronic renal failure (34) have been described for CDI. In some
cases, a fatal outcome occurs despite total colectomy and eradica-
tion of the organism (35, 36), further suggesting systemic effects.
TcdA and TcdB have been detected in the blood of animals exper-
imentally infected with C. difficile (37) and in human cases of C.
difficile infection (38). TcdB has been shown to be a cardiotoxin
(39). Thus, as is the case for many infections involving toxin-
producing bacteria, toxemia is a likely contributor to the severity
of C. difficile disease.

Soon after the discovery of C. difficile as the cause of PMC, a

FIG 1 Overview of C. difficile infection and outcomes. In a typical scenario, a patient is exposed to C. difficile spores, although a small number of cases appear to
be community acquired. Alterations in the normal flora by antibiotic therapy likely support a niche for the bacterium in the gastrointestinal tract. The order of
exposure to spores and antibiotic use required for clinical illness has not been established. The disease can range in severity from subclinical to clinical disease with
systemic complications. Typically, rehydration and appropriate antibiotic therapy result in resolution of symptoms. The boldness of the arrows reflects the fact
that most patients recover fully from the disease, while some will relapse, and death is the least frequent outcome.
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series of reports revealed a high frequency of relapse in CDI pa-
tients undergoing treatment with vancomycin (40, 41). Relapse or
recurrence is a major clinical complication of CDI. Approximately
25% of CDI patients relapse at least one time following recovery,
and patients relapsing once have a 40% chance of relapsing again
(42–44). Multiple relapses over a long period are not unheard of
for CDI patients and can dramatically exacerbate this illness. In-
terestingly, reports indicate that up to 50% of patients relapse with
a strain that differs from the one causing the initial case of CDI
(45–47), which conflicts with the earlier thought that relapse oc-
curs due to residual C. difficile in the gut (45, 48). Thus, it is
unlikely that all cases of relapse are simply due to inadequate clear-
ance of C. difficile after initial infection. Multiple factors contrib-
ute to relapse, and the host immune response figures prominently
among these factors. Patients who generate antibody to C. difficile
toxins are less likely to experience relapse than patients exhibiting
an undetectable response to the toxins (49–51).

Diagnosing and Predicting CDI

The gold standard of CDI diagnosis is culture of the bacterium
from loose stool and testing for production of toxin (toxigenic
culture) (52). However, due to the time-consuming nature of tox-
igenic culture, more rapid diagnostic procedures are used. The
most widely adopted techniques for rapid diagnosis of CDI are
enzyme immunoassays (EIA) (53) that test for the presence of
TcdA and/or TcdB as well as glutamate dehydrogenase (GDH).
These tests have been reported to have a wide range of false-posi-
tive and false-negative results and are thus often combined with a
PCR assay for the TcdA, TcdB, or 16S rRNA gene (54–56). These
molecular techniques to detect toxins by PCR or GDH by EIA are
also combined with toxigenic culture in two- and three-step
methods to reduce error (54–56). While EIA may not be the most
sensitive assay available, there is evidence which suggests that,
during outbreaks, continued surveillance by repeat EIA testing
may be beneficial (57).

As mentioned above, rapid diagnostic methods using PCR are
becoming more common in clinical laboratories as reports
emerge that these molecular methods are highly accurate and
more sensitive and specific than EIA alone (56, 58, 59). The in-
creased sensitivity of PCR testing may reduce the need for repeat
testing, as Nistico et al. have reported that repeat testing of nega-
tive patient samples by PCR rarely produced subsequent positive
results (0.05%) (60).

There are several risk factors associated with CDI, including
age, antibiotic use, and hospitalization. Cooper et al. addition-
ally identified stool history, admission from another health
care facility, and prior positive CDI as risk factors in a retro-
spective study of over 29,000 patients to develop a model to
predict the predisposition of a given patient to CDI with a high
accuracy (area under the curve of 0.929) (61). This is promis-
ing, but Cooper et al. acknowledge that their observed efficacy
may be locale specific and would potentially need tailoring to
each health care facility. It is nonetheless clear that there is no
agreed-upon standard protocol for the rapid detection of CDI.
Without such standardization, comparisons of statistics for
various diagnostic techniques from site to site are difficult. It
appears that, in most cases, PCR typing techniques are more
likely to provide an accurate diagnosis in a timely manner,
which is critical to selecting the appropriate intervention to
prevent serious disease and/or complications due to CDI.

Treatment of C. difficile

CDI is associated with some of the most commonly prescribed
antibiotics, including second- and third-generation cephalospo-
rins and carbapenems (62). However, there is a type-specific as-
sociation with emerging NAP1/027/BI strains and the use of fluo-
roquinolones (62–65). Several studies indicate that patients on
antibiotic therapy are most at risk for CDI within 90 days of dis-
continuing treatment (62, 66).

Currently, metronidazole, vancomycin, and fidaxomicin are
used to treat CDI (52). Therapy with oral metronidazole has been
shown to be noninferior to vancomycin during primary and first
recurrences of CDI (67, 68). Fidaxomicin has been FDA approved
for the treatment of CDI in the United States since May 2011 and
has proved to be noninferior to oral vancomycin for the treatment
of CDI. Fidaxomicin has been reserved for cases of severe CDI
where metronidazole or vancomycin has failed or where their use
is contraindicated, in no small part due to the high cost of fidax-
omicin therapy. A review of studies by Drekonja et al. has shown
that all three of these antibiotics are equally effective in treating the
primary occurrence of CDI (69), although fidaxomicin is more
effective at preventing relapse (66, 70). The decrease in relapse
rates for patients treated with fidaxomicin may be related to re-
ports that fidaxomicin causes less disruption of the normal co-
lonic flora than that with vancomycin (71, 72).

The recognition that normal flora maintenance is important for
prevention of relapse of CDI has led to the development of fecal
microbiota transplantation (FMT). This procedure restores the
normal flora of the gut by introducing stool from healthy donors
by enema, nasogastric tube, or colonoscopy. The efficacy of this
procedure varies but is typically high (�75%), and several groups
are using it to successfully treat recurrent CDI in patients unre-
sponsive to traditional therapy (73–75). Recently, a long-term fol-
low-up study of 77 FMT recipients reported a secondary cure rate
of 98% (76). In addition, several clinical trials to assess FMT pro-
spectively are currently recruiting individuals in the United States
(77), and it will be exciting to see the results of these studies.

There has been recent interest in development of monoclonal
antibodies directed toward TcdA and/or TcdB to treat recurrent
CDI. Several groups have reported promising data showing that
anti-TcdA and anti-TcdB therapy can prevent mortality indepen-
dent of antibiotic therapy (11, 78, 79). Lowy et al. reported in a
placebo-controlled trial that only 7% of patients receiving tradi-
tional antibiotic therapy plus anti-TcdA and anti-TcdB monoclo-
nal antibodies relapsed with CDI by 84 days posttreatment, com-
pared to 25% of those receiving antibiotics plus placebo (80). They
reported no difference in the duration of hospitalization between
the groups; however, only 9% of the treatment group required
hospitalization after infusion of antibodies, compared to 20% of
the placebo group. In the study of Lowy et al., placebo groups
received normal saline instead of intravenous immunoglobulin
(IVIG). However, these results are promising considering a review
of clinical reports showing that there is no benefit to IVIG therapy
in the CDI population (81).

In regard to the antibody-based treatments for CDI, it is impor-
tant that TcdB amino acid sequences vary at the protein level
between different ribotypes and that there is evidence to support
that targeting TcdB, but not TcdA, is important for preventing
disease in a gnotobiotic piglet model of CDI (82). In addition,
Marozsan et al. have shown that monoclonal antibodies vary in
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the ability to neutralize toxins from diverse C. difficile strains in
vitro (83). These neutralization data suggest that, going forward,
targeted epitopes will have to be selected carefully to have the most
effect on diverse strains, especially considering the emergence of
hypervirulent non-NAP1/027/BI strains.

FACTORS IMPORTANT TO C. DIFFICILE VIRULENCE

The C. difficile pathogenicity locus (PaLoc) is a 19.6-kb genomic re-
gion which carries five genes: tcdR (552 nucleotides [nt]), tcdB (7,098
nt), tcdE (498 nt), tcdA (8,130 nt) and tcdC (696 nt) (85) (Fig. 2).

TcdR (�22.1 kDa) is an RNA polymerase sigma factor that is
expressed in stationary phase, is repressed in high glucose, and
autoregulates its own expression (86). TcdR is a member of a
group of RNA polymerase sigma-70 sigma factors that includes
BotR, TetR, and UviA, which regulate toxin and bacteriocin pro-
duction in Clostridium botulinum, Clostridium tetani, and Clos-
tridium perfringens, respectively (87, 88). TcdR binds to promoter
regions upstream of tcdA and tcdB, leading to transcription of
these toxin-encoding genes.

TcdE (�18.8 kDa) is a holin-like molecule often suggested to
be important for release of TcdA and TcdB from the organism.
Given tcdE’s close localization to tcdB and tcdA on the PaLoc and
the reported ability of TcdE to lyse Escherichia coli when expressed
as a recombinant protein, the concept has merit. Yet this idea has
come under more scrutiny recently with the publication of two
diametrically opposed reports, one of which found no role for
TcdE in toxin release (89), while the other showed TcdE to be
absolutely essential for toxin release from the organism (90). Both
studies relied on in vitro analyses. Therefore, whether TcdE plays a
role in pathogenesis has not been determined. In all, the current
understanding of TcdE, especially regarding its mechanism of ac-
tion, is limited.

TcdC (�25.5 kDa) has been examined extensively during the
past few years, mostly due to its association with emerging hyper-
virulent strains of C. difficile. TcdC is an anti-sigma factor which
disrupts TcdR interaction with RNA polymerase in the holoen-
zyme complex (91). TcdC appears to be part of a negative regula-
tor system that represses TcdR and toxin expression during expo-
nential growth. This idea is further supported by the fact that
TcdC is the only factor expressed to a significant extent during
exponential growth (92). Thus, toxin expression is suppressed by
TcdC during early and exponential growth of C. difficile through
the protein’s inhibitory effects on TcdR. The variations in TcdC as

they relate to hypervirulence are discussed in subsequent sections
of this review.

TcdB (�270 kDa) is encoded on the PaLoc and is a major
virulence factor in all pathogenic C. difficile strains. TcdB func-
tions as an intracellular bacterial toxin and translocates into the
cytosol of cells, where it modifies small GTPases through glycosyl-
ation. The details of TcdB’s role in pathogenesis and its mecha-
nisms of action are described further in the following sections.

TcdA (�308 kDa) is closely related to TcdB and is also encoded
on the PaLoc of C. difficile. It has been suggested that TcdA and
TcdB arose from a single gene duplication, given their close prox-
imity on the genome and their overall sequence similarity. Several
studies indicate that TcdA is a more potent enterotoxin than TcdB
(10, 93), while TcdB has a broader tropism and is more cytotoxic
(94, 95). Disease-causing strains of C. difficile lacking TcdA pro-
duction (TcdA� TcdB�) have been identified but are not com-
mon (96–98). Confounding the matter further are reports that
TcdA� TcdB� and TcdA� TcdB� mutants of C. difficile were
found to cause disease in hamsters (99, 100), though both single
mutants were attenuated compared to the wild type. In contrast,
an earlier study found that only TcdB is essential for virulence,
while TcdA is dispensable (101). To date, these conflicting find-
ings have not been explained or resolved. Nonetheless, both toxins
are lethal in animal challenge models, and antibodies against TcdA
and TcdB can protect against disease (102). The fact remains that
despite extensive study for more than 3 decades, the general roles
of TcdA and TcdB in disease and their contributions to the overall
virulence of C. difficile are not well understood.

The temporal course of expression for genes encoded by the
PaLoc has been examined in one study, which found that most of
the genes, including toxin genes, are not expressed until later
stages of growth (92). Only TcdC is expressed during early growth,
which corresponds to the factor’s role in suppressing transcription
until TcdR is expressed near stationary phase. Using a variety of
methods, two studies have shown that transcripts of tcdB and tcdA
arise from both upstream readthrough and the immediate un-
coded 5= regions of these genetic elements (92, 103). The extent to
which the polycistronic messages contribute to toxin expression
and whether these arise from more than two genes have not been
clearly established; however, earlier work by Hammond et al. de-
tected an �17.5-kb transcript which could encompass a large por-
tion of the PaLoc (104). Interestingly, analysis of transcription at
later stages of growth indicated that the genes for both toxins are

FIG 2 Comparison of C. difficile pathogenicity loci between historical and hypervirulent strains. The schematics depict the 19.6-kb PaLoc of historical C. difficile
(HIST) (top) and hypervirulent C. difficile (HV/Ep) (bottom). DNA homology, protein similarity, and protein identity are based upon reference strains CD630
(GenBank accession no. NC_009089.1) and BI1 (GenBank accession no. NC_017179.1). TcdC protein similarity and identity calculations are not trivial, as
truncations of tcdC vary among hypervirulent/epidemic (HV/Ep) isolates, resulting in final products ranging from 61 to 226 amino acids (aa).
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transcribed from their respective upstream promoters and are not
part of a larger transcript, suggesting a growth-related effect on the
type of messages present at different stages of growth (103).

Toxin expression is subject to catabolite repression involving a
variety of carbon sources (103). Levels of biotin and amino acids
can also influence expression of TcdA and TcdB (105, 106). Al-
though the mechanisms by which these factors influence toxin
expression differ, in general each appears to involve increased
toxin expression as the availability of these factors declines toward
the stationary phase of growth. CodY, a common transcriptional
regulator in Gram-positive organisms, regulates the expression of
TcdA and TcdB in response to changes in the levels of GTP and
branched-chain amino acids (BCAAs) (107). In this system, CodY
functions as a negative regulator of toxin expression by promoting
transcription of tcdR. Under nutrient-rich conditions, GTP and
BCAAs increase the affinity of CodY for the tcdR promoter,
thereby blocking the expression of TcdR. As a result, TcdR levels
remain low during exponential growth, and toxin expression from
the polycistronic transcript and from the TcdR-dependent pro-
moters of tcdA and tcdB is minimal. As nutrient levels decline,
CodY’s affinity for the TcdR promoter declines, and tcdA and tcdB
transcription is derepressed. Toxin expression is also regulated by
the carbon catabolite repression system, involving the catabolite
control protein (CcpA) (108), similar to the case in other Gram-
positive bacteria. However, in C. difficile, the CcpA-related expres-
sion of TcdA and TcdB is independent of Hpr but can be influ-
enced directly by levels of fructose-1,6-bisphosphate. The
understanding of systems related to toxin expression in C. difficile
is improving; for example, toxin expression has also been linked to
the onset of sporulation, with a dependence on SigH (109). In
total, these findings support the notion that the metabolic and
growth state of C. difficile largely determines when the organism
induces expression of the toxin. How this relates to regulation of
toxin expression in vivo has not been determined.

Toxinotypes

Despite the fact that TcdA and TcdB are important for C. difficile
virulence, many strains exhibit variations in the PaLoc. These
PaLoc variants, referred to as toxinotypes, include variants with
intact genes but sequence changes, forms with truncated tcdA,
variants of tcdB, and forms with tcdC encoding mutations and
deletions. Thus, it is notable that this region, which is very critical
to C. difficile virulence, is so malleable in its sequence. Toxinotypes
and the method of toxinotyping have been described and summa-
rized in several excellent reviews (110–112) and, as such, are only
briefly summarized here. There are at least 31 different toxino-
types, which vary relative to the reference toxinotype 0. In hu-
mans, toxinotype 0 is by the far the most common historical iso-
late, but toxinotype III is more often associated with epidemic
strains and strains that cause more serious disease. Four toxino-
types (VIII, X, XVI, and XVII) are TcdA� TcdB� strains of differ-
ent varieties. The relevance of different toxinotypes to clinical ill-
ness remains unclear, and other than toxinotype III (IIIb)
association with the NAP1/027/BI epidemic strains, there is little
evidence that toxinotype itself influences the outcome of disease
or supports outbreaks. However, toxinotypes may provide a valu-
able tool for tracking particular strains of C. difficile.

Mechanism of Action of TcdA and TcdB

TcdA and TcdB are both intracellular bacterial toxins that gluco-
sylate small GTPases within intoxicated cells (113, 114). These
relatively large (250 to 308 kDa) toxins are members of the large
clostridial cytotoxin family which, along with toxins from Clos-
tridium sordellii and Clostridium novyi, are able to hydrolyze UDP-
glucose and transfer the liberated sugar moiety to a reactive thre-
onine in the GTP-binding domain of Rho, Rac, Cdc42, and
particular isoforms of these small GTPases. Glucosylation pre-
vents the GTPase from forming a magnesium-dependent associ-
ation with the gamma phosphate of GTP, thereby rendering these
regulatory proteins inactive (115). Rho, Rac, and Cdc42 are essen-
tially locked in the off position following glucosylation.

Four functional domains have been characterized in TcdA and
TcdB. Both toxins contain an amino-terminal enzymatic domain
of approximately 550 residues which engages UDP-glucose, hy-
drolyzes the molecule, and transfers glucose to the target substrate
(116). Several critical residues have been characterized in this do-
main, including a DXD motif at residues 286 to 288 in TcdB,
which coordinates UDP-glucose binding along with Mn2� (117),
and W102, which stabilizes the DXD motif’s interaction with
UDP-Glc by aromatic stacking (118). Proximal to the enzymatic
region is a cysteine protease domain (CPD), which carries out
autoproteolytic processing of the toxin following binding of ino-
sitol hexakisphosphate, found abundantly in the cytosol of eu-
karyotic cells (119–121). This autoproteolytic processing releases
the enzymatic domain during receptor-mediated endocytosis,
and it appears that this amino-terminal portion of the toxin is the
only region delivered into the cytosol (122). The CPD includes a
catalytic dyad (H653/C698) important for intramolecular cleav-
age of substrate proximal to the amino terminus and D597, a
residue important for binding inositol hexakisphosphate (121).
The third domain, found near the middle of TcdB, is a hydropho-
bic patch of residues associated with membrane insertion, and this
domain most likely fulfills the requirement for penetrating the
membrane during translocation of the enzymatic region into the
cell. Two residues, E970 and E976, have been found to be essential
for membrane insertion (123). Finally, the carboxy-terminal re-
gion encodes combined repetitive oligopeptide repeats (CROPs),
which are known to bind trisaccharide glycans in vitro (124, 125).
The CROP domain exhibits a beta-solenoid-like structure similar
to that found in choline-binding domains of cell wall-associated
proteins such as LytA (124, 125). Important to the area of vaccine
development, the CROP domain is highly antigenic, and antibod-
ies toward this region of the protein can neutralize the toxin in
vitro (78).

Although similar in sequence, domain organization, and mech-
anism of action, TcdA and TcdB are different in some notable
ways. First, the CROP region is more extensive in TcdA, with as
many as 38 repeats, although this number can vary among differ-
ent toxinotypes. TcdB’s CROP region is smaller than that of TcdA
and has fewer repeats (as few as 16) within this domain (126).
Structural studies indicate that the CROP domain of TcdA has at
least 7 glycan-binding sites, and by extrapolation based on pri-
mary sequence, TcdB maintains only 4 such binding sites (126). It
is not known whether this difference in avidity accounts for vari-
ations in tropism between the two toxins; however, TcdB and
TcdA differ in their cell targeting. In this regard, TcdA is well
known to function as an enterotoxin, but it intoxicates only a
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narrow range of cell types at doses similar to those of TcdB (84,
127–130). On the other hand, TcdB targets a broad range of cells
and is considered the major cytotoxin produced by C. difficile
(131–133). Based on more recent studies, it appears that TcdB is
also enterotoxic (134). Indeed, TcdB� TcdA� strains of C. difficile
can cause disease similarly to TcdB� TcdA� strains, suggesting
that TcdB can function as an enterotoxin or at least substitute as
the enterotoxin in the absence of TcdA (135). More direct evi-
dence from recent studies indicates that TcdB can function as an
enterotoxin in mice implanted with human colonic tissue (136).
Thus, it appears that TcdB along with TcdA can target and damage
human intestinal tissue.

TcdA and TcdB also exhibit slight differences in their substrate
specificities. In addition to Rho, Rac, and Cdc42, TcdA appears to
target a broader range of small GTPases than TcdB, including
Rap2. Until recently, the structural reasons for this difference in
substrate targeting were not known. A study by Pruitt and col-
leagues found that the overall structure of the glucosyltransferase
domain (GTD) in TcdA is similar to that in TcdB; however, the
GTD of TcdA has a larger net negative charge of surface-exposed
residues than that in TcdB (137). Moreover, the UDP-glucose-
binding pocket of TcdA is positively charged, but the correspond-
ing region in TcdB exhibits a large net negative charge. How these
charge differences influence substrate specificity is not known.

In addition to TcdA and TcdB, C. difficile possesses virulence
factors that are encoded outside the PaLoc and that vary be-
tween historical and hypervirulent strains. These factors, which
are involved in many processes, including motility, antigenic-
ity, and antibiotic resistance, are discussed below and summa-
rized in Fig. 3.

Binary Toxin

Specific strains of C. difficile produce a binary toxin, CDT, that
ADP-ribosylates G actin in target cells (138). The toxin, a member
of the iota family of binary clostridial toxins, consists of two dis-

tinct protein components, CDTa and CDTb, whose genes are lo-
cated separately from the PaLoc (139, 140). CDT is similar to
other clostridial binary toxins which ADP-ribosylate actin, in-
cluding Clostridium perfringens iota toxin, Clostridium botulinum
C2 toxin, and the Clostridium spiroforme toxin CST. Only a small
percentage of C. difficile strains of all known ribotypes produce
CDT (141); however, 027 epidemic hypervirulent ribotypes are
among these strains (142), and this has heightened interest in the
possible contribution this toxin makes to virulence. The geno-
types related to CDT-producing and non-CDT-producing strains
are particularly interesting. Several characterized strains carry the
fully intact LytR-like regulator (CdtR) gene, which is proximal to
the cdtA and cdtB genes, making up the entire binary toxin locus
(143, 144). Despite the presence of an intact CdtR-encoding gene,
many strains contain only remnants of cdtA and cdtB (145). Other
strains are completely devoid of the entire locus, containing a
68-bp insert at this site (143). Thus, similar to the PaLoc encoding
TcdA, TcdB, and their regulators of expression, the Cdt locus var-
ies extensively between strains.

A model of CDT’s mechanism of cellular intoxication has be-
gun to emerge. CDTb, the cell-binding and entry portion of the
binary toxin, binds to lipolysis-stimulated lipoprotein receptor
(LSR) to localize at the cell surface, where it is thought to then bind
to and mediate the delivery of CDTa into the cell (146). CDTb-
mediated translocation of CDTa into the cell requires the chaper-
one proteins Hsp90 and cyclophilin A (147). Within the cytosol,
CDTa-mediated ADP-ribosylation of G actin leads to the forma-
tion of protrusion bodies composed of microtubules that extend
from the cell to contact C. difficile, thereby increasing colonization
efficiency (148). Recently, Barth and colleagues identified CD44 as
being important for intoxication by toxins in the iota clostridial
binary toxin family (149). Cells deficient in CD44 or treated with
anti-CD44 antibody are protected from intoxication. More im-
portantly, CD44 knockout mice are less susceptible to killing by

FIG 3 Comparison of virulence-associated factors between historical and hypervirulent C. difficile strains. A cartoon of C. difficile summarizing the differences
between historical (Hist) and hypervirulent/epidemic (HV/Ep) strains is shown. Historical strains contain full-length tcdC but lack the binary toxin. Additionally,
they are generally sensitive to fluoroquinolones, have a positive aggregation phenotype, and are nonmotile. Hypervirulent strains lack a full-length tcdC gene and
have the opposite phenotype of historical strains for the above virulence factors.
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iota toxin administered intraperitoneally. The importance of this
finding remains to be seen, as a prominent role for CDT in patho-
genesis has largely been dismissed because many disease-causing
strains do not produce this toxin. However, recent studies may
start to change this perspective. In one study, the 30-day fatality
rates of CDI patients infected with a binary or nonbinary toxin-
producing strain of C. difficile were determined. Patients infected
with a CDT-positive strain were more likely to succumb to CDI
than patients infected with a CDT-negative strain (150). More-
over, CDT has been detected in the stools of CDI patients, which
indicates that the toxin is produced within the intestinal tract dur-
ing disease (142).

Cell Wall-Associated Proteins

Early studies found that C. difficile produces a pair of proteins that
can spontaneously assemble into an organized structure sur-
rounding the organism (151, 152). These were found to be S-layer
proteins (Slp) that distributed around C. difficile. Unlike many
other S layers, composed of only one protein or two proteins en-
coded by different genes, the S layer of C. difficile arises from the
processing of a single Slp protein (153). This processing, via the
cell wall protease Cwp84, results in a high-molecular-weight S-
layer protein (HMW Slp) and a low-molecular-weight S-layer
protein (LMW Slp) (154, 155). Following processing, the two pro-
teins assemble into a paracrystalline array (156). There is evidence
to suggest that LMW Slp can mediate adherence of C. difficile in
the intestinal tract (157). Moreover, patients mount antibody re-
sponses to the S-layer proteins, indicating their expression in vivo
(158).

In addition to variability in the sequences of the PaLoc and
toxin genes, studies have shown that cell wall proteins, particularly
CwpV, vary among different strains (159). CwpV causes bacterial
aggregation in all strains tested but exhibits very different anti-
genic characteristics among various isolates of C. difficile. Struc-
turally, CwpV consists of a membrane-anchoring amino-terminal
domain, a putative flexible linker, and a carboxy-terminal anti-
genic region with a variable number of 120-amino-acid repeats
(160). Expression of CwpV is phase variable and regulated by an
inverted repeat region downstream of the promoter and proximal
to the start codon of cwpV (160). RecV mediates the recombina-
tion and inversion of the DNA switch, which either supports for-
mation of a stem-loop to block transcription or removes the stem-
loop to allow expression (160). Thus, individual bacteria may have
a CwpV-on or CwpV-off status, depending on the RecV-directed
orientation of the regulatory sequence. When CwpV is expressed,
it represents the majority of cell wall proteins in C. difficile. The
amino-terminal region of CwpV is found throughout all strains of
C. difficile examined, but substantial variability exists in the repeat
region found at the carboxy-terminal portion of the protein (159).
In particular, the carboxy-terminal region of CwpV from the hy-
pervirulent strain (NAP1/027/BI) contains only eight repeats
which are 79 amino acids long, which is much different from the
nine 120-amino-acid repeats found in the historical, nonhyper-
virulent 630 strain of C. difficile (159). This sequence and repeat
variation leads to distinct antigenic characteristics, and antisera to
the carboxy-terminal regions of the different strains do not cross-
react (159). Thus, CwpV represents an antigenic protein which is
expressed in a phase-variable manner and has antigenic charac-
teristics that are substantially different between historical and hy-
pervirulent strains of C. difficile. The overall importance of CwpV

in virulence and as a target of neutralizing antibodies is not yet
known; however, it is reasonable to speculate that host responses
against CwpV from historical C. difficile would not detect or pro-
tect against CwpV from hypervirulent strains of C. difficile.

Flagella and Motility

Most strains of C. difficile produce flagella and are motile in semi-
solid agar assays. The extent to which motility contributes to vir-
ulence is not entirely known, but the flagella may be important for
interaction with the mucosa and may enhance colonization.
Structural components of the flagella and proteins involved in
posttranslational modification of flagella are encoded within three
adjacent gene clusters on the chromosome of C. difficile. The
genes, grouped into the F1, F2, and F3 regions, are found through-
out different C. difficile strains, but with some notable variations.
Genome analyses have found that C. difficile 630 retains similar
structural genes (e.g., fliC and flgB) but differs from other hyper-
virulent strains, which contain up to 7 other open reading frames
(ORFs) located between the F1 and F3 regions (161). Based on
comparison analysis, these genes appear to be involved in glyco-
sylation precursor synthesis and direct glycosylation. The glyco-
syltransferases and related proteins encoded at the 5= region of the
F2 loci are involved in posttranslational modification of flagella.
Genetic disruption of these genes leads to a loss in motility and a
reduction in the posttranslational modification of the flagella
(162). Glycosylation of FliC (flagellin) improves flagellar stability
in C. difficile and appears to be necessary for motility (162). Given
the notable differences in glycosylation-related genes in various
strains of C. difficile, it is not surprising that the glycosylation
patterns vary among serotypes (162).

Recent studies have found a connection between toxin expres-
sion and the flagellum regulon (163). The hierarchy of the regu-
lator system appears to be complicated. FliA, a sigma-28-related
transcriptional regulator that supports late-stage flagellar gene ex-
pression, influences transcription of genes in the PaLoc. In FliA-
deficient strains, transcription of tcdA is reduced almost 100-fold,
but tcdB transcription is unaffected. Further adding to the com-
plexity is the finding that disruption of several other F3 genes,
irrespective of the type of encoded protein, results in a similar
transcriptional profile in the PaLoc. In contrast to the reduction in
tcdA transcription observed in F3 mutants, loss of FliC results in
increased levels of toxin accumulating in culture supernatants of
this mutant. Thus, there appear to be multiple flagellum-related
effects on toxin levels in C. difficile, some of which may be related
to secretion and not necessarily transcription of the toxin.

HISTORY AND EMERGENCE OF NAP1/027/BI STRAINS

Concerns about CDI heightened when several hospitals noted un-
expected increases in the severity of illness in patients with CDI.
For example, the University of Pittsburgh noted a significant in-
crease in the number of CDI patients requiring a colectomy in the
year 2000 (14). Similar reports came from North American hos-
pitals over the next 2 years and led to the discovery that the NAP1
strain of C. difficile contributed to this change in morbidity and
mortality. Two very prominent outbreaks, one in Quebec, Canada
(15, 164), and one at the Stoke Mandeville Hospital in the United
Kingdom, further focused attention on the NAP1 strain (165). In
both locations, there was a concerning increase in the severity of
disease. The Quebec outbreak peaked in 2003, with a short-term
mortality rate reaching 13.8% at the Sherbrooke Hospital (15).
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This compared to a mortality rate of 4.7% about 10 years earlier.
The outbreak at the Stoke Mandeville Hospital was perhaps even
more severe, with over 300 CDI cases and 38 deaths in a 2-year
period. Between 2000 and 2008, the rate of hospital discharges
with any diagnosis code for C. difficile roughly doubled, from 3.82
to 8.75 per 1,000 discharges (19, 166), in the United States. The
incidence of CDI in the U.S. population aged 65 years or greater is
approximately 5 times the rate for all ages (228 versus 61 cases per
100,000 persons) (L. C. McDonald, S. Banerjee, and D. B. Jerni-
gan, presented at the 14th Annual Scientific Meeting of the Society
for Healthcare Epidemiology of America, Philadelphia, PA, 2004),
indicating that the elderly are the most at risk for this disease.
However, it should be noted that several reports have demon-
strated the changing epidemiology of CDI. In at least one large
study, the incidence of community-acquired CDI (CA-CDI) in
patients with no traditional risk factor was equal to the CDI inci-
dence in at-risk populations (167). This observation is backed up
by reports from others (168, 169), as well as by data from the U.S.
Centers for Disease Control and Prevention (170), and suggests
that the incidence of CA-CDI is on the rise.

The characterization of NAP1/BI/027 strains as hypervirulent
or highly pathogenic is not without controversy. Clearly, the
NAP1/BI/027 ribotype became the predominant strain in many
geographical locations during the past decade, and this has been
well documented in several large-scale epidemiological studies,
such as the one performed by the National Ribotype-Based Sur-
veillance Scheme in England (171). Results from this surveillance
program demonstrate a correlation between the frequency of
NAP1/BI/027 infections and increased mortality. In the years
when NAP1/BI/027 strains were reported more frequently, the
mortality rate was higher. Years with lower mortality rates also
had a reduced frequency of NAP1/BI/027 infections. For example,
this network reported that 55% of CDI cases were caused by
NAP1/BI/027 infections in 2007 to 2008 and 21% were caused by
NAP1/BI/027 in 2009 to 2010. The mortality rate among CDI
cases from this surveillance network was 29% in 2007 to 2008 and
14% in 2009 to 2010. This correlates with hospital-specific reports
dating back to 2000, where many of the outbreaks were found to
have been caused by a NAP1/BI/027 strain and an unexpectedly
high mortality rate alerted clinicians to a possible change in CDI
epidemiology. In addition, a recent study at the University of
Pittsburgh found that patients initially infected by NAP1/BI/027
strains were more likely to relapse than patients infected with
other strains of C. difficile (172). Thus, the clinical and surveillance
evidence from the past decade shows that an increased frequency
of 027 ribotypes correlates with increased mortality. But does this
mean that death is more likely in a patient infected with a NAP1/
BI/027 strain? Some studies suggest that this may not always be the
case. A recent study by Walk and colleagues found that while
the NAP1/BI/027 strain is associated with severe disease, it is not
the sole predictor of disease severity (173). Other factors, such as
white blood cell count, may be better clinical indicators of the
severity of disease. Several other studies also bring into question
the relevance of using strain type to predict the severity of disease
(174–176). A more conservative idea may be that differences in
NAP1/BI/027 virulence, along with other factors, allowed this
strain to penetrate into the population and rapidly replace previ-
ously more common strains of C. difficile.

Factors Accounting for Epidemics and Hypervirulence of
NAP1/027/BI Strains

The reasons for hypervirulence and epidemics associated with
NAP1/027/BI strains have not been easy to resolve. As mentioned
above, there are significant differences in the genomes of historical
and hypervirulent strains of C. difficile, and which of these differ-
ences matter in regard to changes in disease severity is difficult to
know. In early studies, it was proposed that NAP1 strains pro-
duced higher levels of toxin than historical strains (177); however,
this observation has not been made consistently among these iso-
lates. The idea is appealing because NAP1 strains are known to
carry a mutation in tcdC, which has been thought to render it
inactive. As such, it seems reasonable that loss of this repressor of
toxin production could lead to higher levels of toxin. As TcdC is
known to negatively regulate toxin expression and tcdC from hy-
pervirulent strains is known to carry multiple mutations that pre-
vent proper expression of a functional TcdC protein, it is thought
that this may account for increased virulence, perhaps through
increased production of TcdA and TcdB. The specific mutations
were initially characterized as a 39-bp deletion or 18-bp deletion
most likely arising from recombination within a DNA repeat re-
gion (178). The deletions are in frame and result in loss of either 6
or 13 residues, starting at A114 and continuing through E119 or
E126, respectively. The gene encoding the A114-E126 deletion
mutant of TcdC also contains a DNA nonsense mutation (C to T)
at nucleotide 184 which leads to a premature stop codon and a
form of TcdC of only 61 residues. A more expansive analysis of
isolates from 199 C. difficile-associated disease (CDAD) cases
identified different truncating mutations resulting in TcdC pro-
teins of either 61, 63, 65, or 85 amino acids (179). Thus, the two
general mutations are one in which a premature stop codon leads
to production of a severely truncated TcdC protein and one in
which internal deletions reduce the size of the protein by 6 resi-
dues. Other strains of C. difficile known to produce variant forms
of TcdB (e.g., strain 8864) have also been found to produce a
truncated form of TcdC of only 22 amino acids (180).

Two general observations have suggested that mutated tcdC
cannot entirely account for the differences in virulence among
emerging and historical strains. First, other strains, such as the
well-studied VPI 10463 strain, produce large amounts of toxin yet
possess an unmutated, intact tcdC gene (181, 182). Second, tcdC
mutants have been identified in strains that do no not appear to
produce larger-than-normal (relative to historical strains such as
630) amounts of toxin (183).

Direct experimental assessments have not resolved the conflict-
ing issues regarding TcdC’s role in hypervirulence. Studies involv-
ing full-length TcdC expressed from a plasmid conjugated into a
TcdC-negative strain of C. difficile found that intact functional
TcdC can cause the organism to produce smaller-than-normal
amounts of toxin (184). Moreover, this tcdC� strain was found to
be attenuated in virulence relative to the parent strain. The extent
of virulence in the complemented tcdC� strain was almost iden-
tical to that of C. difficile strain 630, which endogenously expresses
normal TcdC, further indicating that the lesion in tcdC accounted
for the increased virulence in the hypervirulent strain. In contrast
to these findings, other work has found that allelic exchange using
intact tcdC to replace the mutant form of tcdC does not alter levels
of toxin production in a hypervirulent strain (185). Similarly, al-
lelic replacement of an unmutated tcdC gene with a tcdC gene
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carrying the mutation did not cause the 630 strain to express larger
amounts of the toxin (186).

An additional consideration is the fact that NAP1 strains pro-
duce the binary toxin, CDT, and that this could enhance coloni-
zation. Indeed, in one mouse study, C. difficile strains that pro-
duced CDT were found to have significantly improved
colonization and to increase intestinal damage (148). Thus, while
it is unlikely to be as critical to the virulence of all pathogenic C.
difficile strains, CDT may be an important accessory factor that
improves colonization by epidemic strains known to cause more
severe disease. However, arguing against CDT as the sole contrib-
utor to increased virulence is the fact that CDT is produced by
other nonhypervirulent strains of C. difficile. Thus, the presence of
CDT does not solely account for the increase in virulence, al-
though this could be among the contributing factors to this effect.

It has also been suggested that NAP1 strains sporulate more
efficiently than historical strains (187); however, a more recent
analysis of over 40 C. difficile NAP1 strains found substantial vari-
ations in the sporulation efficiencies of these isolates, some of
which sporulate no better than historical strains (188). In mice
colonized with NAP1/BI/027, the “supershedder” phenotype has
been observed in response to antibiotic treatment (189), and this
phenotype prolongs transmission to naive mice (190). However,
the role of sporulation in these studies is not known, as the trans-
mission by “supershedders” is likely due to more prolific disease.

Another phenomenon that has been observed in both the hu-
man population and animal models is the decreased diversity of
gut flora in individuals with CDI (190–193). This decrease in di-
versity appears to coincide with antibiotic use, which C. difficile
exploits, rather than by C. difficile directly altering the host flora.
Thus, the extent to which differences in the microbiota affect the
host’s interactions with NAP1 strains and the overall virulence of
these strains is not fully known but is likely to be an important area
of study in the future.

Toxin Variation and Hypervirulence

Recent work from Lanis et al. examined the significance of se-
quence variation in TcdB between historical and hypervirulent
strains of C. difficile (194, 195). Wren and colleagues noted that
TcdB from NAP1/027/BI strains was more cytotoxic against cer-
tain cell lines than TcdB from historical strains, suggesting that the
increased toxicity of TcdB could contribute to hypervirulence
(161). Lanis et al. then compared the sequences of the PaLoc be-
tween a historical strain and a hypervirulent strain (NAP1/027/BI)
and noted that the TcdB gene sequence varied substantially, while
other genes within the locus remained virtually identical (194).
Further analysis found that NAP1/027/BI TcdB causes more ex-
tensive tissue damage in a zebrafish model. Studies of the mecha-
nism of these differences in TcdB found that NAP1/027/BI TcdB is
capable of entering cells more quickly and translocating to the
cytosol at an earlier step in endocytosis than the historical form of
the toxin. Both forms of the toxin appear to be equally efficient at
modifying substrate and engaging target cells, further restricting
the difference to a step in translocation.

Inositol hexakisphosphate-induced activation of autoprocess-
ing in TcdB is thought to be an important step in cellular intoxi-
cation. Analysis of autoprocessing found that hypervirulent TcdB
is more efficient at autoprocessing and that this is due to the tox-
in’s ability to more effectively engage the intramolecular substrate
(195). It appears that hypervirulent TcdB exists in a structure

more favorable to intramolecular self-cleavage and that this allows
this form of the toxin to enter cells more efficiently.

Genomic Differences in Hypervirulent and Historical C.
difficile Strains

Sequence, multilocus sequence typing (MLST), and microarray
analyses have led to the classification of C. difficile strains into five
distinct clades. An initial microarray-based analysis using a C.
difficile strain 630 target sequence found a substantial variation
among 75 isolates, with hypervirulent strains, livestock strains,
toxin-negative strains, and historical strains forming distinct
clades.

Stabler and colleagues (161) examined and compared the ge-
nomes of a historical nonepidemic and nonhypervirulent C. diffi-
cile strain (strain 630), a nonepidemic 027 strain (CD196), and a
recently emerged epidemic strain (R20291). Several notable dif-
ferences were identified between the genomes of these three
strains. The strains share a core of 3,247 genes, and 505 potential
genes are unique to the 630 strain and absent in both 027 strains of
C. difficile. Both 027 genomes carry 234 genes unique to their
genomes that are absent in the historical 630 strain. In addition to
the known differences in tcdB and tcdC and the presence of the
binary toxin-encoding genes, the R20291 strain exhibits gyrA mu-
tations that may account for its unique resistance to fluoroquino-
lones. The strains also differ in the flagellar genes, with a difference
in the replacement of phosphotransferase genes found in the 630
strain with glycosyltransferase genes in 027 ribotypes. The varia-
tions in flagellar and glycosyltransferase genes may explain the
observed differences in motility and autoagglutination between
the strains. The 027 ribotype strains both exhibit motility, while
the 012 ribotype (strain 630) does not. In addition, the recently
emerged 027 ribotype appears to autoagglutinate more efficiently
than the historical 027 strain or the 630 strain. Interestingly, an
intact agr locus is present in the 027 strains, yet specific agr genes
are missing in the 630 strain. Agr is a known growth stage regula-
tor of virulence factor production in other Gram-positive organ-
isms, so its presence in 027 strains could provide a mechanism of
virulence regulation unique to these strains and absent in other
nonhypervirulent strains.

Strains of the 027 ribotype appear to be clonal, arising from
earlier nonepidemic strains such as CD196. CD196 was first de-
scribed in the mid-1980s, and R20291 is a much more recent iso-
late. The two strains have many genes in common, but notable
changes have been detected in the sequences of these two isolates.
For example, R20291 has acquired a phage island that provides a
new response regulator and a toxin-antitoxin system to the organ-
ism. Collectively, the genomic data indicate that several new genes
were recently acquired by the epidemic strain of C. difficile. Which
of these genes may contribute to the differences in virulence be-
tween hypervirulent 027 strains and older strains of this ribotype
is not known; however, the data suggest that the organism contin-
ues to acquire new genes during its evolution as a pathogen.

A detailed analysis of the phylogenetic lineages of C. difficile
indicates that the species diverged early from other clostridial
strains and that lineages were established several million years ago
(196). Several factors appear to influence development of the lin-
eages. In particular, there is a remarkable amount of genetic ex-
change (traced by shared single-nucleotide polymorphisms
[SNPs]) among the different strains. Very large portions of
genomic DNA appear to have been exchanged across strains. Sev-
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eral of these are associated with mobile elements, but many of
these appear to be substantial portions of the genome that have
moved, through an unknown mechanism, into various strains. In
particular, evolution of hypervirulent strains seems to have accel-
erated from strains around the year 2000, corresponding to the
emergence of epidemic C. difficile. These studies reveal C. difficile
to have a highly fluid genome that is rapidly changing in the hu-
man population, driven by a high rate of genetic exchange. Thus,
the emergence of hypervirulent epidemic strains may be sup-
ported in part by the ability of the organism to efficiently alter
genomic sequences by acquiring new or altered genes through
genetic recombination.

These genetic variations among strains of C. difficile could in-
fluence disease severity and relapse by preventing cross-neutral-
ization. Studies on relapse and recurrence have been very infor-
mative in this regard. As we discussed above, relapse in CDI is a
common and serious clinical problem. Curiously, almost 50% of
patients relapse with a different strain of C. difficile (46, 47). Given
the fact that immune responses to TcdA and TcdB are correlated
with protection against CDI and reduce the likelihood of relapse,
it is reasonable to speculate that new strains may be resistant to
host immunity through variability in the antigenic makeup of the
toxins. We have reported that TcdB proteins from NAP1 and 630
strains differ in sequence and toxic activity (194). Thus, it is worth
considering the possibility that host immune responses may be
effective against only one form of the toxin and that the host
remains susceptible to infection by new strains expressing a dif-
ferent form of TcdB. Along these lines, although in need of more
investigation, the lack of appropriate cross-neutralizing immune
responses could be one explanation for entry of new strains into
the human population.

Additional Emerging Hypervirulent Strains of C. difficile

To date, at least 375 different ribotypes of C. difficile have been
identified, and the number continues to increase with every new
epidemiological study. The vast majority of these strains have the
potential to cause disease, with the exception of rare isolates lack-
ing toxin-encoding genes. Strains of C. difficile fall into five clades
based on sequence, especially MLST, analysis (197). The most
conservative estimates suggest that the clades originated at least 1
million years ago (196). These clades of C. difficile seem to have
evolved virulence independently, although there are some exam-
ples to suggest the acquisition of toxic elements via horizontal
transfer. The findings on strain diversity emphasize not only the
need to better understand the current hypervirulent strains, such
as NAP1, but also the need to discover the underlying reasons for
the emergence of new strains that could represent the next wave of
epidemics causing severe disease. There are several notable points
that should be considered. First, given the exceptional variance in
sequences, especially in genes such as tcdB, the lack of immune
cross-protection could be an important factor in enriching for
new strains. Indeed, without appropriate cross-protection, the
human population may simply remain susceptible to new strains,
and once immunity increases against a new strain, a different one
may replace it. This concept is especially important as vaccines
and therapeutic antibodies are considered for possible prevention
or treatment of CDI. These treatments will need to be broadly
protective to prevent selection of resistant strains. Second, more
work is needed to discover the environmental source of C. difficile.
Recent work has found C. difficile, particularly ribotype 078 of

clade 5, to be a common contaminant of food sources (198, 199).
Because C. difficile 078 has also been associated with infection of
livestock, animals may provide the conduit for strains moving into
the human population.

Finally, the fundamental bacteriology of C. difficile remains
poorly understood, and little is known about the factors that con-
tribute to mutations in virulence-associated genes. With only a
few exceptions, most toxins produced by bacterial pathogens are
very stable in their sequences, yet the analysis of variant toxino-
types in C. difficile suggests that this is not the case with this patho-
gen. It will be interesting to discover the fundamental reasons for
such a high mutation rate in tcdB. Relative to many other human
bacterial pathogens, C. difficile has been recognized as a human
pathogen for only a short period, and the emergence of hyperviru-
lent strains may be just a small glimpse of what may continue to
emerge as new strains enter the human population. It is reason-
able to predict that new strains will continue to emerge and that
some of these could exhibit virulence more severe than what has
been found with NAP1.

Despite the conflicting evidence regarding the increased viru-
lence of C. difficile NAP1/027/BI and its association, or lack of
association, with more severe disease, it is clear that this strain has
emerged from the hundreds of different strains of C. difficile to
become one of the most common causes of CDI. Arguably the
most important lesson could be that strains of C. difficile emerge in
the population, cause large outbreaks and epidemics, and replace
otherwise common strains in a hospital setting. Thus, the careful
documentation of the increase in NAP1/BI/027 cases over the past
decade and understanding how these cases differ from others
could help to inform us about the potential for the next wave of C.
difficile infections. Much like the annual changes in influenza vi-
rus, more longitudinal studies could reveal the ebb and flow of the
many strains involved in CDI within the population. Indeed, cur-
rent studies indicate that changes may already be taking place. The
number of NAP1/BI/027 cases is starting to wane, and new strains,
such as the 078 ribotype, are starting to emerge (200). A study
from the Netherlands found that the number of CDI cases caused
by C. difficile 078 ribotypes increased from 3% to 13% in just 3
years (201). Interestingly, 078 strains have been found most com-
monly in food sources, and the careful assessment of changes in
human 078 strains may provide the first opportunity to follow the
epidemiology of emerging C. difficile strains while knowing the
environmental source of the pathogen.

FINAL COMMENTS

Compared to many prominent human infectious diseases, CDI is
relatively new and appears to be a man-made illness. Much of our
understanding of CDI is suggestive. Clearly, many variants of C.
difficile exist in the environment and are able to move into the
human population under the right conditions. Yet the major en-
vironmental sources of C. difficile and how events in the environ-
ment select for virulence are not known. There is evidence that the
emergence of NAP1/BI/027 during the past decade has started to
subside, but this change could simply select for another strain, and
the wave of disease during the past decade could represent a more
common occurrence in the future. Indeed, if increased virulence is
a major factor in selecting for new strains in the human popula-
tion, then the encounter with NAP1/BI/027 may be just the begin-
ning of a long-term health care problem. Moreover, it is reason-
able to expect that each new strain could be more virulent than the
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previous strain. As such, perhaps more important than designing
novel treatments against hypervirulent strains will be the thor-
ough study and understanding of why and how the NAP1/BI/027
strains emerged to begin with. In doing so, we can better predict
the next epidemics and develop more sophisticated surveillance
and treatment systems to deal with the next outbreak of CDI.
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